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Abstract. The Active Plasma Experiment (APEX) used in-
tensive electron beam and/or a release of the low-energy
Xenon plasma to study dynamic processes in the magne-
tosphere and upper ionosphere. It was shown by Pˇ rech et
al. (1999) that the release of the Xe plasma increases the
spacecraft potential when the ambient plasma density is low,
but decreases it when the density is high enough. In the
present paper, a simple computer model of the dust particle
charging has been adapted for a calculation of the potential
difference between a planar probe and a spherical satellite
moving in the ionospheric plasma. The inﬂuence of a quas-
ineutral plasma emission on the measured spacecraft poten-
tialdifferenceisdiscussedandthecalculatedresultsarecom-
pared with experimental data from the APEX project.
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1 Introduction
Active experiments utilizing electron beams in space have
been carried out during last decade. Various problems of
space plasma physics, such as generation of artiﬁcial aurora,
interactionbetweenthebeamandambientplasma, spacecraft
charging, beam-plasma instability, and enhanced ionization
of the surrounding gas have been investigated. One of the
ﬁrst experiments with plasma beam injection has been car-
ried out on board the Porcupine rockets (Haerendel, 1976).
An overdense heavy (Xenon) ion beam of conical shape was
ﬁred at a large angle with respect to the ambient magnetic
ﬁeld at altitudes ranging from 190 km to about 450 km. Ion
thruster and ambient plasma parameters in the Porcupine ex-
periment were very similar to the conditions aboard APEX.
An analysis of the experimental results given by Haeusler et
al. (1986) conﬁrms the picture of heavy ion beam propaga-
tion across the magnetized ionospheric background plasma,
as developed by Haerendel and Sagdeev (1981). Speciﬁcally,
the measurements conﬁrm the presence of three successive
Correspondence to: L. Pˇ rech (lubomir.prech@mff.cuni.cz)
stagesofbeampropagation; thediamagneticphase, thediffu-
sive phase, and the test particle phase. One primary observa-
tion is that the beam propagates nearly undistorted across the
plasma because it is essentially depolarized. The diameter
of the diamagnetic cavity created by the beam was estimated
to be ∼ 3 m, but a signiﬁcant diamagnetic effect has been
observed up to 15 m. Inside this region, the beam electrons
simply follow the ions into the cone of propagation. At larger
distances, the motion of charged particles is controlled by the
ambient magnetic ﬁeld. The change in the magnetic ﬁeld due
to the beam current was of the order of 10 nT outside the dia-
magnetic cavity and thus its inﬂuence on the particle motion
is negligible.
A local enhancement of plasma density can be reached
even if the neutral gas is released. Under certain conditions,
the neutral gas undergoes a rapid ionization leading to the
creation of a highly ionized plasma cloud. The instability
(e.g. ﬁeld-aligned current instabilities or current-driven elec-
trostatic shock waves) driven by the ionization process starts,
if the kinetic energy associated with the neutral gas motion
perpendicular to the magnetic ﬁeld exceeds the ionization
potential of neutrals. This condition can be easily fulﬁlled
if heavy atoms (usually Xe) are released from a spacecraft
(Chiu, 1981). The critical ionization velocity process re-
quires a seed charged particle population inside the neutral
beam, but this population can be simply created by classi-
cal ionization processes, such as photoionization, charge ex-
change, thermal electron impact, etc. The tests of the pro-
posed mechanism by neutral gas injection from rockets gave
a very small ionization yield, probably due to the inefﬁcient
ion seeding of the neutral gas and/or shortness of the inter-
action timescale (Okuda and Choueiri, 1994). On the other
hand, a ionization yield consistent with the critical ionization
velocity theory has been reported by Marshall et al. (1993).
In the experiments with artiﬁcial electron beams, the
spacecraft potential rises until a sufﬁcient number of ambi-
ent electrons can be collected to balance the beam current.
The spacecraft potential thus depends on the ambient plasma
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gas) and, if a plasma density is low, it can even prevent the
escape of the beam electrons, in order to maintain the current
balance. Results of these experiments have shown that for
low-orbiting satellites this potential does not exceed ∼100 V
(for review, see, e.g. Hastings, 1995; Stone and Bonifazi,
1998).
The experiments with tethered satellites allow one to study
the collection of currents by the surfaces which can be on
high positive or negative potentials with respect to the ambi-
ent plasma. Gentile et al. (1998) reported the shuttle charged
negatively up to ∼300 V, if a long tether was connected to
the shuttle. However, potentials of the order of kilovolts
have been reported in high altitudes (Managadze et al., 1988)
where the density of the ambient plasma is low. An injection
of the neutral gas or low-temperature plasma has been re-
garded as one of the most promising ways to neutralize vehi-
cle charging. This injection is able to maintain the potential
in the range of tens of volts (Nˇ emeˇ cek et al., 1997) in the
electron beam experiment.
The inﬂuence of the injection of the neutral/ionized Xenon
from the spacecraft on its potential was investigated by Pˇ rech
et al. (1999). It was found that the release of the neutral
Xe does not change the spacecraft potential at ionospheric
heights (500–3000 km), but the change in the spacecraft po-
tential induced by the release of the Xe plasma depends lin-
early on the logarithm of the ambient plasma density. In this
case, the change in the spacecraft potential was positive for
low plasma densities and negative when the density of am-
bient plasma was high. The observed changes were qualita-
tively attributed to the current of electrons leaving the region
occupied by the released Xe plasma.
We have developed a simple computer model of the space-
craft charging under conditions of the active experiment and
compared the results of this model with experimental data
from Pˇ rech et al. (1999). The basic procedures of the model
were originally developed for computation of the charging of
dust particles immersed into plasma (ˇ Zilav´ y et al., 1997), but
this problem is similar to the charging of the spacecraft, if
different scales are taken into account.
A motivation behind this work was to explain why the re-
lease of the Xe plasma cloud from the satellite changes its
potential in both directions, as it was found in the APEX ex-
periment.
2 Experimental arrangement of the APEX experiment
The APEX project was launched on 18 December 1991, and
moved along the nearly polar orbit with apogee 3080 km,
perigee 450 km, and inclination 82.5◦. The spacecraft was
three-axis stabilized with the longitudinal axis always per-
pendicular to the Earth’s surface. The spacecraft carried an
electron gun which provided the controlled injection of an
emitted beam of 8 keV and a peak current of 100 mA, and
a xenon plasma generator which injected either neutral Xe
or low-energy Xe plasma. The Xe release rate was about
3 mg/s. To produce an ion beam, the neutral Xe was released
Fig. 1. Schematic drawing of the APEX payload conﬁguration
(with locations of the electron gun, plasma generator, solar panels,
and KM–10).
through an ionizer (ion thruster) which produced about 1019
ions/s into a ∼90◦ cone. The axis of the cone was inclined at
22.5◦ to the orbital plane and directed 45◦ upward from the
Earth. The initial ion velocity corresponds to a bulk kinetic
energy of ∼200 eV and the total ion current can reach 2 A.
The ion beam itself was neutralized by means of an auxiliary
hollow cathode discharge as the electron source. The injec-
tor worked in several different modes. All modes started with
the neutral Xe; after some delay (usually ∼50 s) the ionizer
was switched on for 99 s. This sequence was repeated un-
til the whole system was switched off. The ionizer could be
modulated by a square wave modulation with different fre-
quencies (details in Nˇ emeˇ cek et al., 1997; Dokukin, 1992).
Ionospheric plasma parameters were measured by the
KM-10 device (Afonin et al., 1994) which used four nickel
planar probes with diameters of ∼55 mm surrounded by
guard rings (58/71 mm), and three ion traps. A conducting
box (175 × 175 × 95 mm) with sensors was located ∼0.8 m
in front of the nearest solar panel in the spacecraft veloc-
ity direction. It was isolated from the holder (aluminium-
alloy boom) and its potential was kept on the ﬂoating poten-
tial by an ampliﬁer. This potential was measured by one of
the probes oriented in the ram direction. Since the ram ion
current was in the range 10−9 − 10−5 A and the input cur-
rent of the ampliﬁer was less than 10−12 A, the probe can be
considered as ﬂoating. The corresponding circuit was desig-
nated for continuous measurement of the potential difference
between the probe and spacecraft, up to ±90 V.
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dedicated to the measurement of the three perpendicular
components of the electron temperature by the RF method.
The ion traps (RPA and driftmeter) had an entrance grid on
the ﬂoating potential and thus, no disturbing electric ﬁeld
acted on the plasma in the vicinity of KM-10. A schematic
drawing of the satellite conﬁguration with locations of the
electron gun, plasma generator, solar panels, and KM-10
probes are presented in Fig. 1.
Fast measurements of energy and angular parameters of
charged particles were realized by the PEAS spectrometer.
It consisted of two identical sensor units, AP-1 and AP-2,
which cover two perpendicular planes in the energy range
from 50 eV to 30 keV. This range was divided into 64 (or
16) steps in the logarithmic scale and the time resolution of
charged particle measurements was 2.6 s (Nˇ emeˇ cek et al.,
1997).
3 Introduction on the charging of isolated bodies in the
ionosphere
Parameters of the ionosphere plasma are highly variable.
They vary with local times, latitudes, geomagnetic activity,
solar cycle, etc., but the most important parameter is the al-
titude. The density of ionospheric plasma decreases with a
distance from the Earth, being approximately 1012 m−3 at
500 km and 108 m−3 at 3000 km of altitude. The electron
and ion temperatures are of the order or less than 1 eV. The
ion composition depends also on a distance from the Earth.
In the range from 200 up to 1000 km, O+ dominates, above
1000 km, the main components are H+ and He+ (e.g. Rich-
mond, 1982).
For the interpretation of the results of active experiments
with charged particle injections, it is important to determine
the change in the spacecraft potential given by the charge
balance of the incoming and outgoing particles. A body im-
mersed intoan ionospheric plasma iselectrically charged due
to a collection of electron (Ie) and ion (Ii) currents from the
surrounding plasma, photoemission (Iph) or secondary emis-
sion induced by the electrons (Isee) or ions (Isei). All these
currents depend on the body potential, 8. The equilibrium
surface potential of the body is given by the requirement:
I (8)=Ie (8)+Ii (8)+Iph (8)+Isee (8)+Isei (8)=0. (1)
We suppose an isolated sphere (with radius, R) moving
with velocity v ∼ 7 km.s−1 in a quiet ionospheric plasma
(not in auroral regions). Neglecting the photoemission cur-
rent, Iph, as well as other emission currents (secondary elec-
tron emission current induced by electrons and ions Isec,
Isei,...) because the energy of ambient plasma is low, and
following Whipple (1981) and Allen (1992), we can (using
a thin sheath approximation) estimate the expression for the
electron collection current:
Ie(8)=4πR2 · (−e)·n ·
s
kTe
2πme
·




1+ e8
kTe

; 8>0
e
e8
kTe ; 8<0,
(2)
where e is the elementary charge, me is mass of the elec-
tron, and k is Boltzmann constant. Te and n are the electron
temperature and density, respectively. We assume the quasi-
neutral plasma and thus, ni = ne = n.
The electron current is not affected by the drift velocity
between the sphere and plasma because v  ce, where ce
is the thermal speed of electrons. The electrons impact the
sphere from all directions. On the other hand, when v  ci
(ci is the thermal speed of plasma ions), we can write for the
plasma ion current:
Ii(8)=

 
 
πR2·q · n · v·

1 −
q8
1
2miv2

;

q8< 1
2miv2

0;

q8≥ 1
2miv2

,
(3)
where q and mi are the charge and the mass of plasma ions.
From the satellite point of view, the ions are assumed as a
parallel beam of particles (see also Fig. 3). If we suppose
that:
q8 
1
2
miv2, (4)
then we can derive from Eqs. (1), (2) and (3):
8 =
kTe
e
· ln
 
v ·
Ai
Ae
·
s
2πme
kTe
!
(5)
which is the formula (e.g. Anderson et al., 1994) for the es-
timation of an equilibrium potential of a satellite moving in
the Earth’s ionosphere. Ai/Ae is the ratio of effective ion
and electron collection areas. This ratio is equal to 1/4 for a
spherical body. In the case of hydrogen plasma and satellite
potentials above 10 V, relation (4) is not fulﬁlled and thus,
we have to consider complete Eq. (3). It should be noted that
the aforementioned estimation neglects a photocurrent. The
problem of the photocurrent is rather complex. It is deeply
connected with the spacecraft construction because different
parts of the spacecraft surface have different emission prop-
erties and the angle between the surface and direction to the
Sun changes along an orbit. For this reason, we will deal
with intervals when the satellite was in the Earth’s shadow
only.
As it follows from the above equations, the electron tem-
perature is the very important parameter for the equilibrium
potential setting. However, all currents depend on the density
and, as it follows from global ionospheric models (Daniell et
al., 1995), the density cannot be considered as an indepen-
dent quantity. We could use the relation between the tem-
perature and density from the model, but we have used an
alternative way: we have chosen the APEX experiment data
taken from middle latitudes and from these we determined
the relationship between the density and temperature. The
experimental data are shown as dots in Fig. 2. The data
were measured by the KM-10 Langmuir probe experiment
on 24 January 1992 between 12:30 and 13:30 UT (APEX or-
bit No. 454). Measurements started at 480 km and ﬁnished918 P. ˇ Zilav´ y et al.: Modelling of spacecraft potential in active experiment
Fig. 2. The electron temperature of quiet ionospheric plasma as a
function of its density.
at 3100 km of the altitude. The data were ﬁtted by the func-
tion (6) which is used in our further calculations:
Te = −0.27 + 0.50 · exp

−
log(n) − 10.47
3.48

. (6)
We think that this approach reﬂects, in a degree, the actual
conditions during the time period under study.
4 A simple model of an active experiment
We suppose that the investigated system consists of a planar
probe (PR), a satellite (SAT), and a Xe quasi-neutral plasma
cloud (PC) released from the satellite. For the sake of sim-
plicity, we will consider the satellite as well as plasma cloud
as conducting spheres which are on the same potential (“con-
nected by a wire”), as it is seen in Fig. 3 which presents a
schematic drawing of our current system. We assume that
any element of our current system does not inﬂuence the
other.
For electron and ion (IPRe,IPRi, respectively) currents on
the circular planar probe, we can (under assumption 8PR <
0) write equations:
IPRe = πr2 · (−e) · n ·
q
kTe
2πme · e
e8PR
kTe
IPRi = πr2 · q · n · v ·

1 −
q8PR
1
2miv2

,
(7)
where r is the probe radius. The total current on the probe is
then given as:
IPR(8PR) = IPRe(8PR) + IPRi(8PR). (8)
As we note above, we assume that the satellite and
the plasma cloud are conductively connected. We assume
8SAT = 8PC = 8, and thus, the total current to the system
is:
I(8) = I
(A)
SATe(8) + I
(A)
SATi(8) + I
(A)
PCe(8) + I
(A)
PCi(8)
+I
(B)
PCe(8) + I
(B)
PCi(8)
(9)
In this equation, the superscript (A) refers to the currents
falling on the satellite or plasma cloud from the ambient
plasma. The electron currents (I
(A)
SATe,I
(A)
PCe) are computed
according to Eq. (2), the ion currents (I
(A)
SATi,I
(A)
PCi) accord-
ing to Eq. (3).
The superscript (B) denotes currents outgoing from the Xe
plasma cloud. If we assume the plasma with the Maxwellian
distribution, the electron component can be determined from
ˇ Zilav´ y et al. (1997):
I
(B)
PCe(8) =

     
     
I0 ·

2 √
π ·
q
e8
2kTPCe · e
− e8
2kTPCe
−erf
q
e8
2kTPCe

+ 1
i
; (8 > 0)
I0; (8 ≤ 0),
(10)
where I0 is the thermal current of electrons leaving the
plasma cloud at its zero potential. The similar expression can
be written for the Xe ion current, I
(B)
PCi. We suppose that the
plasma cloud is isothermic and thus, TPCe = TPCi = TPC.
For a ﬁnal calculation of the equilibrium potential corre-
sponding to a given ambient plasma density and temperature,
we have used a standard method in which we integrate nu-
merically the total current on and from the body, i.e. Eqs. (8)
and (9):
Q =
t1 Z
0
I(8(t))dt (11)
and we test the fulﬁllment of the requirement:
dQ
dt
|t1 < ε. (12)
This approach requires knowledge of the relation between
the charge on the body Q and its potential 8. We can write
Q = 8 · C in vacuum, but the capacitance C of a body is
a function of its potential in the plasma. However, we are
searching for an equilibrium state and Eqs. (11) and (12)
lead to the right value of the potential, provided that C is
a monotonous function of 8.
5 A comparison of model results with experimental
data
As a ﬁrst step, we consider the current system consisting of
the probe and satellite, i.e. without the Xe plasma release,
to test the ability of our model. Under this assumption, the
results do not depend on the probe and sphere radii.P. ˇ Zilav´ y et al.: Modelling of spacecraft potential in active experiment 919
Fig. 3. Schematic drawing of our current system.
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Fig. 4. Potential difference between the probe and the satellite as a
function of ambient plasma density.
Since the only measurable quantity is the potential differ-
ence between the probe and satellite, we plotted these differ-
ences as a function of the plasma density in Fig. 4, curve a.
We can see that calculated values are signiﬁcantly lower than
experimental data taken from Pˇ rech et al. (1999) which are
plotted as dots in the ﬁgure. However, the equations, that we
are using were derived in the thin sheath approximation. This
approximation does not inﬂuence the computed ion current
substantially, but the effective collection area for electrons
is larger in real experimental conditions due to the fact that
they are collected by the whole surface of the sheath. For
example, a thin 22-m long boom used for the satellite stabi-
lization does not enhance the ion collection area because it
contributes only by ∼2% to the total cross section. The De-
bye length, which is a measure of the sheath thickness, can
be as high as 0.2 m in apogee of the satellite, and the effec-
tive collection area of this boom for electrons can exceed the
collection area of the satellite itself.
In order to show that even this effect is negligible, we have
increased the collection area for electrons 10 times and com-
puted the potential differences again. The result is plotted as
the curve b in Fig. 4. From a comparison of both a and b
curves, we can see that the effect is relatively small and thus,
we will use the spherical approximation in further calcula-
tions.
The experimental values of the temperature (Fig. 2) were
estimated from the measurements at low energies under
the assumption that the electron distribution function is
Maxwellian. These values are consistent with ionospheric
models (e.g. Daniell et al., 1995) and describe the be-
haviour of the principal electron component. However, the
ionospheric plasma contains high-energy electrons which en-
hance the tail of a distribution function. This increases the
effective temperature of the plasma. We can show it us-
ing data from the PEAS spectrometer (AP-2 sensor) ob-
tained at the altitude 2600 km (corresponding plasma density
n ∼ 108 m−3). Figure 5 shows the counts measured on four
lowest energies during passive intervals, as well as during the
release of the Xe plasma. These intervals are denoted as Xe+
in Fig. 5. We will show that the ratio of these counts can be
used for the determination of the temperature of the tail of
the energy distribution.
In the case of the Maxwellian distribution function, the
density of electrons with energy in a small range, 1E is:
1n(E) =
2 · n
√
πkTe
·
s
E
kTe
· e
− E
kTe · 1E. (13)
Because 1E is proportional to E for electrostatic analyzers,
the counts of the PEAS spectrometer can be written as:
1I (E) = C · 1n(E) · E2. (14)
The constant C is given by the geometrical factor of the an-
alyzer. For the ratio of the currents I1 and I2 corresponding
to two energies E1 and E2, we obtain:
I1
I2
=
E
5/2
1
E
5/2
2
· exp

E2 − E1
kTe

(15)
and consequently:
kTe =
E2 − E1
ln

I1
I2 ·
E
5/2
2
E
5/2
1

.
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Fig. 5. Electron currents at four different energies measured by
the PEAS spectrometer during a sequence of the Xe plasma re-
lease. The heavy line shows the electron temperature computed
from Eq. (16) using counts on two lowest energies. The intervals
of the Xe plasma release are denoted as Xe+.
For two energies, E1 = 74eV and E2 = 50eV and counts
according to Fig. 5, we calculated kTe = 8.5eV during the
“passive” time interval from 04:38 to 04:39 UT. The tem-
perature does not vary substantially with the time and thus,
the release of the Xe plasma does not inﬂuence the temper-
ature of the ambient plasma. This result will be used later
for the calculations of the spacecraft potential during active
experiments. We would like to note that the energies shown
in Fig. 5 are given with respect to the spacecraft potential.
For computation of the electron temperature according to
Eq. (16), the correction on the spacecraft potential should be
taken into account. The enhanced counts during the active
intervals are a consequence of the change in the spacecraft
potential, which will be discussed later.
The above estimation shows that the distribution function
of the ionospheric plasma is not Maxwellian and that it is
necessary to consider its high-energy tail which is respon-
sible for the satellite charging. We suggest that the effect
of the high-energy tail can be described as an effective rise
in the plasma temperature. However, the measurements in
the eV energy range provide a temperature less than 0.5 eV
(see Fig. 2) and the temperature determined in the range 50–
70 eV is about twenty times higher. As a number of electrons
in the range of tens of eV is small and the majority of low-
energy electrons cannot overcome the satellite potential, the
temperature determining the satellite potential would be es-
timated in the energy range 10–50 eV, which is not covered
by the measurements. However, the spacecraft ﬂoating po-
tential is a function of the temperature (see Eq. 5) and thus,
we can use it for the determination of an “effective temper-
ature”. We multiplied the temperature in Eq. (6) by a factor
R and tried to ﬁnd such values of R which provide a best
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Fig. 6. Floating probe potential (vs s/c) during a sequence of neutral
and ionized Xe plasma releases. From top to bottom: FP – ﬂoating
probe potential, Ia – mean Xe plasma current, log ni – ambient
plasma density.
ﬁt of the experimental data in Fig. 4. One can see that the
curve c (R = 8) represents such a ﬁt. In order to show that
the procedure is not too sensitive to the value of R, we also
plotted the curve d (for R = 10) in the ﬁgure. This pro-
cedure provides an estimation of the effective temperature
of the halo part of electron distribution which is responsible
for a spacecraft charging. The temperature determined this
way is close (about one half) to the temperature determined
from the electron spectrometer for higher energies and thus,
we can hope that the change in the spacecraft potential in a
rangeofseveralvolts, whichwillbeinvestigatedlater, cannot
be inﬂuenced signiﬁcantly by a temperature determination.
As a second step, we will consider the whole current sys-
tem, i.e. the probe, satellite, and the plasma cloud. Fig-
ure 6, where the ﬂoating probe potential with the density of
an ambient plasma and information on the Xe plasma injec-
tor mode are plotted, presents the changes in the spacecraft
potential during the release of the neutral/ionized Xe.
The initial potential is 5.5 V. The ﬁrst change at
18:47:20 UT occurs when the spacecraft enters the Earth’s
shadow and ﬂoating probe potential (FP) falls to ∼3 V. The
release of neutral Xe was switched on at 18:48 UT, but it
does not change the potential. At 18:49 UT, the plasma in-
jector starts to release the Xe+ ions and the probe potential
(with respect to the spacecraft) rises to ∼10 V. When the in-
jector is switched off (18:50:35 UT), the potential relaxes to
a background value. These changes repeat during the sec-
ond injection period. The gradually increasing value of the
potential during the plasma injection is correlated with the
increasing density of the ambient plasma shown in the bot-
tom panel.
However, the background level of FP gradually decreases
withtheambientplasmadensity. Itisabout∼4Vfortheden-P. ˇ Zilav´ y et al.: Modelling of spacecraft potential in active experiment 921
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Fig. 7. The change in the satellite potential caused by a quasi-
neutralplasmaemissionasafunctionoftheambientplasmadensity.
sity ∼1.5×1011 m−3 (approx. at 18:48:00 UT) and ∼2 V for
density ∼2×1012 m−3 (at 18:54:00 UT). This trend is in ac-
cordance with our calculations shown in Fig. 4. From this it
follows that the difference between satellite potentials in pas-
sive and active regimes is a function of the ambient plasma
density. This difference, 18, was extensively studied by
Pˇ rech et al. (1999). The data were taken from 12 January
1992 to 15 March 1992 at altitudes from 800 to 2600 km,
and it was shown that 18 decreases nearly exponentially
(linearly in a semilog scale) with increasing ambient plasma
density. 18 further increases with a frequency of the modu-
lation of the injector. The experimental data from the afore-
mentioned paper are plotted in Fig. 7 as dots, together with
two curves calculated according to our model. The line
a was calculated under the following boundary conditions:
the satellite radius, R = 1 m, the Xe plasma cloud radius,
RPC = 10 m, temperature and density on the border of the
Xe plasma cloud, TXe = 0.2 eV, nXe = 3 × 109 m−3. We
have chosen the diameter of the Xe plasma cloud indepen-
dent of the ambient plasma density because we assume that
if the density on the boundary of the expanding plasma cloud
will be lower than that used in the calculations, such cloud
cannot be treated as a conductor connected to the spacecraft.
Incalculations, wehavesolvedEq.(11)underrequirement
(12) and considered all currents in Eq. (9). For the electron
temperature of the ambient plasma, expression (6) multiplied
by a factor 8 was used. As we can see, the calculations can
explain a high positive value of 18SAT observed for low
plasma densities. The 18SAT changes are caused by elec-
trons leaving the plasma cloud. Their inﬂuence is substantial
when the density of the ambient plasma is low and asymp-
totically approaches zero for high plasma densities, because
the number of these electrons is independent on the density
of the ambient plasma. The contribution of the Xe ions to
the overall current balance is negligible and thus, the present
form of the model cannot explain the observed negative val-
ues of 18SAT.
To achieve the negative values, we turned the ambient
plasma ion current on the Xe plasma cloud down to zero.
In the experiment, a partial decreasing of the ion current can
occur, for example, due to the “wake” behind the satellite.
However, the main reason why the ambient ions cannot con-
tribute signiﬁcantly to the overall current balance is the ener-
getics. To show it, we divide the whole range of altitudes
into three sub-ranges. At high altitudes, where the ambi-
ent plasma density is low, a majority of ions are light H+
ions. Thepotential ofthe cloud can be slightly positive(com-
pare Figs. 4 and 7) and thus, these ions can be captured by
a local potential minimum inside the cloud, but their contri-
bution to the current balance is negligible. At middle alti-
tudes, the potential of the cloud is near zero and mass com-
position changes in favour of heavier O+ ions. These ions
carry ∼4 eV of ram energy with respect to the spacecraft
and thus, penetrate through the cloud. The potential of the
cloud becomes negative at low altitudes and thus, the ions
penetrate through it without any contribution to the current
balance. Moreover, all ions are accelerated by a local elec-
tric ﬁeld inside the cloud. Such ions thus move faster and
their density decreases in order to maintain the current bal-
ance. This effect would further increase the negative poten-
tial of the cloud. However, the inﬂuence of the ion kinetics
on the charge balance inside the cloud is out of the scope of
the present paper.
The calculated result for zero ion current on the Xe plasma
cloud is in Fig. 7, line b. We would like to note that the
changing composition of the ionospheric plasma with alti-
tudes (i.e. roughly with density) would modify the effect of
the capture of ambient ions. At high altitudes (low densities),
a majority of ions are light H+ ions which have not enough
energy to leave the cloud, whereas O+ ions are a prevailing
component at lower altitudes. The changing mass compo-
sition would cause the real dependence to lie somewhere in
between curves a and b.
As the current of ions from the ambient plasma is small
when the density is low, and O+ dominates at high densities,
one can expect major corrections at the middle of the den-
sity interval and thus, the real dependence will be close to
the straight line used by Pˇ rech et al. (1999) for a ﬁt of exper-
imental data.
We would like to note that our results cannot be applied
to magnetospheric experiments (e.g. Comfort et al., 1998)
where other currents representing the photocurrent and sec-
ondary electron current are of principal importance.
6 Conclusion
The potential difference between a planar probe and spheri-
cal satellite has been calculated as a function of the ambient
plasma density. Calculated results have been compared with
the real experimental data (Pˇ rech et al., 1999). It has been
shown that the potential of a body immersed in the iono-
spheric plasma is determined by the temperature of a tail of922 P. ˇ Zilav´ y et al.: Modelling of spacecraft potential in active experiment
the electron-energy distribution, whereas use of the tempera-
ture of a body of distribution leads to values of the potential
signiﬁcantly lower than those observed.
We have found that such a simple computer model that
does not consider the magnetic ﬁeld can explain positive, as
well as negative changes in the satellite potential due to the
quasi-neutral Xe plasma emission. The change in the space-
craft potential induced by the release of the Xe plasma is in
order of volts. We suggest that the released plasma creates
a dense conducting cloud behind the spacecraft, which can
effectively collect electrons from the ambient plasma. The
dimension of this cloud is probably comparable with the di-
mensions of the “diamagnetic phase” of the plasma cloud
expansion proposed by Haeusler et al. (1986).
The ionospheric O+ ions cannot be collected by the cloud
because their energy is too high and thus, the contribution
of the ion current to the charge balance is small. The com-
puted potential difference thus depends mainly on the cur-
rents of electrons leaving the Xe plasma cloud and electrons
collected from the ambient plasma and can be either nega-
tive (if the number of electrons collected from the ambient
plasma is higher than the number leaving the cloud) or pos-
itive. The collected electron current rises linearly with the
ambient plasma density, but this rising current causes an in-
crease in the negative spacecraft potential. The result is the
observed relationship between log n and 18 (Fig. 7).
The comparison of model results with experimental data
has shown an importance of the non-Maxwellian distribution
of ionospheric electrons for the estimation of the spacecraft
potential, as well as the inﬂuence of the mass composition of
the ambient plasma on the potential of the satellite releasing
a plasma cloud.
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